Abstract: Nitrogen loading to the Bassin d'Arcachon coastal lagoon (SW France) was evaluated by studying land-use and nitrogen output in its 3001 km2 catchment. At present, the catchment is dominated by forestry (79%), while intensive agriculture occupies 9% of the surface. The N-output of two hydrological subunits, i.e. the Tagon subunit dominated by pine forestry and the Arriou II subunit comprising both forestry and intensive agriculture, were monitored for a seven year period (1996)(1997)(1998)(1999)(2000)(2001)(2002). From these observations it was calculated that forestry contributes on average 1.6 kg total N ha−1 yr−1, which is dominated by organic nitrogen (DON + PON are 70% of N). On an areal basis, intensive agriculture contributes 26 times more than forestry, i.e. 41.6 kg total N ha−1 yr−1, which is mainly in the form of nitrate (65% of N). These data were upscaled to the catchment and the upscaling was validated by comparison to gauged nitrogen throughputs for the catchment of the Leyre river that is the major tributary to the system. Taking into account the other known N sources and the interannual variability in the catchment it was estimated that nitrogen loading to the lagoon was on average 90 kg ha−1 yr−1 (range from 54 to 126 kg ha−1 yr−1). The sandy soils of the catchment have a clear potential for denitrification, but anoxic conditions (waterlogged) and input of organic matter to fuel this process are required. Currently, agricultural practices and spatial planning do not make use of this potential. Nitrogen loading in the Bassin d'Arcachon is reflected by 10-40 μM nitrate concentrations in winter, which became depleted during spring as a result of uptake by vegetation. Short-term uptake experiments showed that the macroalga Monostroma obscurum is well adapted to temperatures between 10 to 20 °C and competitive with respect to the seagrass Zostera noltii when the nitrate concentrations are above 10 μM. Spring conditions with high nitrate and high insolation are therefore favourable for M. obscurum and this species presents a high risk for algal blooming. In contrast, the macroalga Enteromorpha clathrata well adapted to summertime temperatures around 25 °C, forms occasionally blooms in the lagoon. This phenomenon is limited due to the low DIN concentrations in summer.
INTRODUCTION
The Bassin d'Arcachon is a mesotidal lagoon on the SW coast of France with a volume at mean sea level of 317 . 10 6 m 3 and an average annual freshwater inflow of 1.25 . 10 9 m 3 (Bouchet et al., 1997) . The 3000 km 2 catchment of the Bassin d'Arcachon is dominated by sand soils of pleistocene origin which are typical for the Les Landes system. The catchment is typical lowland, the average slope is as low as 0.25 % and land-use is dominated by forestry, mainly pine trees.
The lagoon is home of the largest seagrass meadows (70 km 2 ), comprising Zostera noltii
Hornem. and Zostera marina L., in Western Europe (Auby & Labourg, 1996) and a major site for oyster-farming in France. Recognised ecosystem functions and services of such coastal lagoon ecosystems encompass i) biogeochemical functions as element cycling and control of nutrient flows, ii) biodiversity and landscape functions , iii) resources for aquaculture and fishing activities, and iv) tourism. Macroalgal blooming in such systems impairs ecosystem functions and services. This phenomenon has been observed sometimes during the last twenty years in the Bassin d'Arcachon. While, fortunately occurrence and extension of algal blooming were limited both in time and space, it has been related to increased eutrophication and changing land-use in the catchment (Auby et al., 1994) . Since the early 1990's, Monostroma obscurum (Kützing) J.
Aghard is the dominant blooming algal species, but Enteromorpha spp have also been frequently observed. Wordwide, seagrasses have suffered severe losses during the last decades, particularly in Western Europe. Several cases have been documented where macroalgal communities have completely displaced original seagrass communities as a result of eutrophication (Duarte, 1995; Valiela et al., 1997a; Hemminga, 1998; Flindt et al., 1999; Hauxwell et al., 2003) . Understanding of eutrophication phenomena in coastal lagoons and estuaries strongly depends on knowledge on nutrient fluxes in the catchment (i.e. Valiela et al., 1997b) .
A major concern for environmental management of the Bassin d'Arcachon is to ensure the conservation of seagrass meadows, which support high biodiversity and nurseries, that is compatible with a qualitative and quantitive phytoplankton production to support the conchyliculture. The aims of the present study were i) to study the link between land-use and nitrogen loading in the Bassin d'Arcachon, ii) to identify and study possibilities to use denitrification potential in the catchment, and iii) to evaluate how changing N loading can change the competitive position of seagrasses with respect to macroalgae.
Study Area

Lagoon environment
The Bassin d'Arcachon is a mesotidal lagoon on the SW coast of France (see Fig. 1 ). The tidal difference ranges from 1.1 m (neap tides), 3 m (mean tides) to 4.9 m (spring tides) and the tidal prism ranges from 200 . 10 6 to 400 . 10 6 m 3 (Bouchet et al., 1997) . The total area of the lagoon is approximately 180 km 2 , which includes the very dynamic tidal inlets and changing sand banks in the S.W. corner of the lagoon. However, most studies have excluded these tidal inlets and sand banks from the surface area of the lagoon and considered the lagoon environment sensu stricto as the part of the lagoon located North of the line Cap-Ferret-Le Mouleau, which corresponds to the meridian 59.6 ° N. The lagoon defined this way is nearly triangular in shape with a surface equal to 156 km 2 and a volume at mean sea level of 317 . 10 6 m 3 (L'Yavanc, 1995) . Only 40 km 2 remains submerged at low tide. An average annual freshwater inflow has been estimated of 1.25 . 10 9 m 3 (Bouchet et al., 1997) , corresponding to a flow of 40 m 3 s -1 .
However, preliminary hydrodynamic modelling has assumed an average net fresh water inflow of 60 m 3 s -1 (Salomon and Breton, 1995) , which is more characteristic for wet periods. The residual flows in the tidal inlets range from + 25 m 3 s -1 (into the lagoon) to -135 m 3 s -1 (out of the lagoon). Accordingly, the lagoon shows a net import of oceanic water during 3 to 4 days periods around spring tide, while it shows a net export to the ocean during the rest of the time, the volume of which corresponds to the sum of the temporarily imported oceanic water and the freshwater loading (Salomon and Breton, 1995) . Using these extreme flows to calculate the flushing time (T f ) as recommended by Monsen et al. (2002) , T f ranges from 27 to 146 days. The average residence times of freshwater in the lagoon have been calculated from averaged measured salinities and freshwater loading. Accordingly, the residence time of fresh water in the lagoon varied from 10 to 24 days, during periods of high (120 m 3 s -1 ) and low (10 m 3 s -1 ) freshwater loading, respectively (Bouchet et al., 1997) .
Catchment
The catchment (see Fig. 1 ) is typical lowland, as the average slope is as low as 0.25 %.
The catchment sensu stricto is oriented NW-SE, has a surface of 3001 km 2 and is drained by the Leyre river with an outlet into the lagoon in the SE corner, and by about 17 small streams, which are direct tributaries to the lagoon. following the imperial decree of 1857 (Sargos, 1997) , and currently pine forestry is the major surface occupation. However, new surface occupations have arisen since the 1960's as intensive farming (corn, carrots and other vegetables) and more recently pisciculture. In this study we use a detailed cartography to quantify the different land uses and present estimates of contributions of the different land-uses to N-loading in the lagoon.
Materials and Methods
Cartography and quantification of land occupation and land use in the catchment sensu stricto (see Fig. 1 ) was elaborated by remote sensing using a Landsat image of 1998, by combining with other techniques as areal photography and by consulting public data bases (Rivet and Vernier, 2000) . The data bases consulted included the National Inventory of Forestry of 1994 and 1998, and the CORINE land cover held by IFEN, the French Institute of the Environment.
This was completed by ground truthing and complementary data collection concerning the cultivated crops for 3800 ha of agricultural surface, representing 14 % of the total agricultural surface. The agricultural surface area and land use was thus updated to the 1998 situation by using a supervised classification; the Erdas Imagine software was used.
De Wit et al., page n° -6 -Two hydrological subunits were chosen to follow the output of N compounds during the seven-year period from 1996-2002. The Arriou subunit (see Fig. 1 ) has an area of 9360 ha and comprises both pine forests, which occur both upstream and downstream, and a mixture of intensive agriculture and pine forestry in the intermediate section. It has an outlet into the Leyre river. From 1996-1999, six stations were monitored along the surface hydrological flow path, two of which were equipped with ultrasonic probes for continuously monitoring water height that were connected to Datataker DT50 (Dymelco) for data storage. The water cross section of the channels was correlated with water flow using manual current velocity measurements. This way, water height was used as a proxy for water flow. All six station were visited weekly for manual flow measurements and sampling of water samples, which were transported in coolboxes to the laboratory where they were analysed for physicochemical parameters. This strategy allowed within this subunit separating a section of 2322 ha that comprised both intensive agriculture corn and field cropping (702 ha) and forestry and was labelled Arriou II. By considering the difference between the hydrological input and output of Arriou II and by substracting contributions from forestry extrapolated from the measurements in the Tagon subunit (see below). Thus, it was possible to measure specifically the contribution of agriculture to N-loading (Beuffe and Vernier, 1999) . After 1999, the sampling strategy was changed. The stations with the ultrasonic probes measuring water height located at the outlet of and the station directly upstream Arriou II, were equipped with automatic samplers that were programmed to take samples after a constant volume had passed, with refrigerated sample storage. This way, water samples have been obtained that were better representatives of the throughflow than the punctual samples taken at weekly intervals during field visits. The stored samples were collected biweekly and transported in coolboxes to the laboratory where they were analysed for physicochemical parameters. The Tagon hydrological subunit (see Fig. 1 ) has an outlet directly into the SE corner of the Bassin d'Arcachon and is predominated by pine trees, Pinus pinaster, at 89 % of the area and 11 % of open urbanised area close to the lagoon. Two stations, i.e. one upstream and one downstream of the forest area of 2490 ha were equipped with ultrasonic probes for continuously monitoring water height that were connected to Datataker DT50 (Dymelco) for data storage.
From 1996-1999 these stations were sampled on a weekly basis for physicochemical parameters.
After 1999, both station were also equipped with the same automatic samplers that were programmed to take samples after a constant volume had passed, with refrigerated sample storage. These samples were collected and analysed on a biweekly basis from 2000 onwards.
Pluviometric data for the hydrological subunits were obtained from Météo France. The Using the data from 1996 -1999, the outputs of N from the hydrological subunits were used for upscaling to the total catchment sensu stricto and to calculate the respective contributions of agriculture and forestry to the average annual N-loading in the lagoon. This is based on the assumption that N-abatement is neglectable in the river systems. Transport distances in the Leyre river until the outflow into the lagoon range between 0-115 km corresponding to transport times of upto 5 days Furthermore, it assumes that agricultural and forestry practices were homogeneous throughout the catchment and that the monitored subunits are representative for the land use in the entire catchment. therefore, a typology of the hydrological subunits (2000) was done using land cover criteria and physical criteria caracterising each one of the 63 subunits (Rivet, 2000) . Agricultural practices and forestry were analysed to identify main factors of environmental impact (Beuffe and Vernier,1999) . These studies confirmed that the Tagon These data were further complemented with calculations based on N delivery from point sources including wastewater treatment plants and fishfarming activities, and cattle rearing to calculate the total N-loading into the lagoon (Leibreich et al., 2000) .
The potential of denitrification was studied by combining field observations and laboratory pilot experiments. In the catchment, the agriculture fields are drained and the outflow of the drain flows directly into collecting channels that connect with the rivers. Most often, crops are grown unto the borders of these fields. But, in some cases a buffer zone occurs between the cornfield and the collecting channels with a water table at 1 to 2 m below the field level. Such a buffer zone, which was located within the Arriou subunit, was equipped with two ground water samplers that were placed in between drains (minimum distance to drain 8 m) at 15 m and 24 m distance from the border of the cornfield in the flowpath of the groundwater table from the corn field to the collecting channel. The second sampler (24 m distance from the cornfield) was located at 1.8 m distance from the collecting channel. Groundwater samples were taken at defined depths by suction, with sampling ports located at 1, 1.5, 2, 3, 3.5 and 4 m depth. The samples were immediately stored at 4°C and transported to the laboratory for nutrient analyses.
Within the same buffer zone, sand was collected at 1 to 2 m depth that was used to fill 70 l reactors for laboratory denitrification studies. The experimental pilot is depicted in Fig. 2 . The sand in the reactor was saturated with water simulating conditions of the aquifer in the catchment and was percolated by solutions of approximately 100 mg l -1 NO 3 -(1.6 mM) and different concentrations of sodiumproprionate (NaC 3 H 5 O 2 ) as a model for DOC. All conditions were assayed in duplicate, i.e. the same reservoir was used as the input for two reactors that were run in parallel. The solutions were made in tap water and pH was adjusted to 5.8 by adding H 2 SO 4 .
The reactors were percolated from the reservoir by gravity-driven flow, which resulted in linear flow rates ranging from 0.03 to 0.14 m day -1 . Experiments were performed in a temperature- (Aminot and Chaussepied, 1983) . Total nitrogen was assayed on whole water samples following acidic digestion and mesured according the Kjeldahl technique (Aminot and Chaussepied, 1983) .
Organic nitrogen was calculated as the difference between total nitrogen and DIN. Hence, organic nitrogen comprised DON and PON. Plant and algal dry weight were assayed after several rinsings. First the material was rinsed with abundant seawater to clean it from other plants, detritus and animals. Afterwards a rapid rinsing was done in running tap water and the material was dried at 60 °C until constant weight (at least 48 h). (Beuffe and Vernier, 1999) . The area occupied by agriculture is quite stable since 1998, because conversion of woods to agricultural fields was subjected to regulation measures and has been limited this way.
Results
Land use in the catchment and N fluxes
Yearly averages of N-output specified for Table 2 .
Despite the fact that the area of both subunits is quite similar, the average N-output of the Arriou II subunit is 6 to 8 times higher than of Tagon, which is explained by the output from the 702 ha of agriculture. The difference for DIN is even much higher i.e. a factor of 16 to 19. There were significant fluctuations between years (see Fig. 3 ), which are reflected by C.V. (1996) (1997) (1998) (1999) (2000) (2001) (2002) for all N-compounds of around 50 % for both Arriou II and Tagon. A part of this variation can be explained by rainfall, which showed positive correlations with output of NO 3 -, DIN and total N in both basins (see Table 2 ).
A typology of the catchments using different land cover and physical criteria caracterised the 63 subunits in five homogeneous groups including Tagon and Arriou ( Rivet, Vernier,2000) . These data were upscaled to the whole catchment by multiplying these areal contributions with the surface areas for both categories (see Table 1 ). To these values have been added 22 tons of N from wastewater treatment plants and 54 tons of N due to fish-farming (Leibreich et al., 2000) . The values are reported in Table 3 . The upscaling exercise was validated by comparing the N-loading for the catchment of the Leyre river with the values calculated from monitoring data of water flow and N concentrations close to the outflow of the Leyre into the lagoon. This comparison is reported in Table 3 , which also reports the averages and ranges of water flow in the Leyre river. The upscaling approach gives a result that is very close, albeit slightly higher than has been calculated at the Leyre outflow from the monitoring data; i.e. the differences were about 13 % for both DIN and total N. This confirms that very few N is retained in the channels, streams and rivers and that this upscaling approach is valuable for this specific area.
The annual loading of N into the lagoon from the Leyre river recorded for the period 1996-2002 is depicted in Fig. 5 . The period 1996-1999 showed remarkably low interannual variability (C.V. of total N 11.0 %), while considering the entire 1996-2002 period again added variability related to wet and dry years (see Table 3 ). This flux correlated strongly with the annual rainfall (0.898, n = 7).
Dinitrification potential in the catchment
On 21 to denitrification takes place below ground in the water-saturated layers. However, it is very difficult to quantify the water flows and the total mass of nitrate subjected to abatement in situ, because most of the waterflow from the cornfield to the collecting channel was short-circuited by the drainage system and did not pass through the ground water. To better approach the process times and the influence of major driving factors on the denitrification kinetics, we evaluated the potential of denitrification in a laboratory pilot study.
The pilots were fed with about 100 mg NO 3 -l -1 (1.3 mM) and different DOC concentrations and run at 20 °C. Figure 6 gives the average nitrate concentrations in the inflow and outflow for the different DOC additions after stabilisation of the system. Nitrate abatement was less than 10 % when no DOC was added in the water, the nitrate abatements were about 20 % and 60 % at 15 mg l -1 DOC and 25 mg l -1 DOC, respectively. Hence, the sand soil of les Landes has the clear potential for denitrification. However, organic matter is needed to fuel this process and the amounts of OC in clean soils may be insufficient. , respectively. The DIN:DIP molar ratio was on average 60.3, ranged from 0 to 551, and were clearly not normally distributed (SD= 88). Thus, on average N was in excess to P with respect to the Redfield ratio (N:P = 16). 
Interannual and seasonal variation of environmental conditions in the Bassin d'Arcachon
Discussion
Based on the upscaling from land-use activities and using the average values for the period 1996-1999, the average annual N-loading entering the lagoon through rivers and streams forests. Therefore, they are characterised by extremely low aquatic primary production and biofilms are not important. These features explain the virtual absence of N abatement in these lowland rivers.
Nitrogen also enters the lagoon through groundwater flow and from atmospheric deposition; for coastal ecosystems the latter input source is receiving increasing attention at the global level related to anthropogenic activities (e.g. Seitzinger et al., 2002) . Previously, DIN inputs from groundwater and atmospheric deposition have been quantified to be equal to 7 tons and 80.5 tons, respectively (Rimmelin et al., 1998 ) the sum of which is less than 7 % of the calculated DIN loading entering the lagoon through rivers and streams. The very low value for DIN input from groundwater flow has been attributed to low flow velocities related to shallow slope of the groundwater table and due to nitrate abatement by denitrification (Rimmelin et al., 1998) . Interestingly, our study confirmed the clear potential for denitrification of these sand soils from Les Landes. From the data by Rimmelin et al (1998) it can be calculated that averaged atmospheric deposition in the lagoon is 520 kg N km -2 year -1 , which is a bit higher than the predicted 250-350 kg N km -2 year -1 according the global map presented for 1990 (Seitzinger et al., 2002) . However, the atmospheric N-deposition in the lagoon is still low in this Atlantic lagoon due to the prevailing western winds and is of minor importance with respect to the riverine loading. The lagoon also receives freshwater inputs through channels from the two regulated dune lakes (see section Study Area) and the corresponding annual N-loading has been previously estimated to equal 27 tons of total N in 1990 (Auby et al., 1994) , which is a small amount with respect to the N loading from rivers and streams.
Because all the other N inputs are of minor importance with respect to the loading entering the lagoon through rivers and streams, it becomes clear that the N-loading to the lagoon is very strongly dependent on land-use in the catchment. Currently, agriculture in the catchment is the main contribution to N-loading in the lagoon; despite the fact that it only occupies 9.3 % of De Wit et al., page n° -15 -the surface this activity contributes 85 % of the DIN loading and 78 % of the total N loading entering the lagoon through rivers and streams. This is explained by the fact that on an aerial basis, N-output from agriculture exceeds N-output from forestry by a factor of 26. Furthermore, N-output from agriculture is dominated by NO 3 -(90 % of total N), while forestry delivers mainly organic N with NO 3 -representing less than 25 % (see Fig. 4 ).
The seven-year data series allowed to estimate the interannual variability of the riverine N-loading. For the small subunits, the coefficient of variation for all N output variables were about 50 % both in the Tagon basin and in the Arriou II basin (see Table 2 ), while for total N flux at the outflow of the Leyre we found a C.V of 37 % (see Table 3 ). It seems that we can therefore assume a C.V. of annual riverine N loading of 35-50 %, which gives a measure of interannual variability. Assuming that the N-loading calculated from land use has been overestimated by 13 %, assuming that N-loading is normal distributed and applying a conservative C.V. of 40 % it can be estimated that for 67 % of the years total N loading is between 843 to 1968 tons of TN, which corresponds to an average N-loading in the lagoon of 90 kg ha -1 yr -1 with a range of 54 to 126 kg ha -1 yr -1 . This is a significant higher loading than the average 46 kg N ha -1 year -1 reported for Waquoit Bay (Valiela et al., 1997b; Hauxwell et al., 2003) where Zostera marina prairies have disappeared in most places and been replaced by macroalgal blooms. On the other hand, for the very eutrophic Italian lagoon Sacca di Goro, N loading of 600-800 kg ha -1 yr -1 has been reported (De Wit et al., 2001) . A large part of the interannual variability can be explained by rainfall precipitation, i.e. the correlation coefficients of N-fluxes and rainfall varied from 0.536 (total N output of Tagon) to 0.898 (total N-flux in the Leyre outflow). However, in the catchment the relation between precipitation and N-output is not straightforward and conceivably a certain part of the N output cannot be directly explained by precipitation. In some cases, the water outflow is not directly linked to precipitation, as for example after a period of dryness, most of the rainfall will be retained in the catchment and contribute to a rise of the groundwater level. Mathematical modeling is currently being developed to understand and predict these non-linear effects at the catchment level.
The N-loading for the period 1996-1999 is slightly higher than has been reported for the period 1989-1994 (Auby et al., 1994) , i.e. 1616 compared to 1441-1555 tons of N-total and 1270 compared to 816-1005 tons of DIN. However, these values are fully comparable if the interannual variability is taken into account. It thus appears that after a steady increase of Nloading with time from 1970 -1990 (Auby et al., 1994 , the N-loading has now stabilised and variations are mainly due to interannual variability. This is the fruit of the policy measures taken Hence, five propionate ions are needed to convert twelve nitrate ions into dinitrogen gas.
To denitrify 100 mg of nitrate, this corresponds to a DOC demand of 49 mg, which explains why dentrification was still limited at a DOC addition of 30 mg l -1 .
At present, agricultural land use in the catchment is very inefficient with respect to using the potential of denitrification for nitrogen abatement as most of the agricultural drains and runoff enters the collecting channels and streams directly. Most often the agricultural fields are well-drained and exploited for crops to the borderline of the collecting channel, a buffer zone is only seldomly observed. The flowing surface waters are well oxygenated and on a yearly basis do not show nitrogen abatement (Leibreich et al., 2000) . We propose that land-use can be better designed to reduce the nitrogen loading. For example the runoff and drainage water can be collected in channels and wetland zones where it can be forced to travel belowground before entering the river system. Nevertheless, this is difficult to put into practice in the context of Les Landes, because of the shallow slopes and consequent low flow velocities of groundwater. On the other hand surface is available and relatively cheap in this area to create artificial wetland systems.
The nitrogen loading into the lagoon is reflected by the winter nitrate concentrations in the lagoon as observed at the le Tès monitoring station (see Fig. 7 ). During winter, nitrate concentrations peaked at 20-40 µM, with the exception of early 2002, which was a very dry year.
As a result of the high winter DIN concentrations, a part of the dissolved nitrogen in the lagoon will be evacuated to the ocean by flushing. The estimated flush times were 27 to 146 days (see section Study Area). Assuming a winter DIN concentration of 30 µM for the outflowing water a wintertime DIN export to the ocean of 27 to 150 tons of N month -1 can be estimated. This is a very coarse estimate that needs to be refined using hydrodynamic modelling. The estimated value is low with respect to the annual DIN loading but not negligible considering that high DIN concentrations may persist for periods of two to five months. (Auby and Labourg, 1996) . In some years Monostroma obscurum also contributes significantly to primary production and nutrient uptake (Auby et al., 1994) . This algal species is well adapted to the spring temperatures (10-16 °C), cf. Fig. 7 and 9 ).
The nitrate uptake kinetics indicate that M. obscurum is competitive with respect to Z. noltii when the nitrate concentrations exceeds 10 µM. However, growth of M. obscurum is strongly regulated by irradiance (Auby et al., 1994) . Spring conditions with high nitrate and high insulation are therefore favourable for M. obscurum and this species presents a high risk for algal blooming in this lagoon. Therefore, we checked when the water column nitrate concentrations decreased below 10 µM and also reported the average water temperature and monthly irradiance in the month prior to this date in Table 4 . This gives a very good indication of the potential for In contrast to M. obscurum, the macroalga Enteromorpha clathrata is very well adapted to summertime temperatures around 25 °C. This species forms occasionally blooms in the lagoon;
but, this phenomenon is limited due to the low summer nitrate concentrations. 
Pierson correlation coefficient N-output versus rain precipitation (period 1996-2002, n=7 Fig. 2 Experimental unit used to study the potential of denitrification of the sandy soils in the catchment. All conditions were assayed in duplicate, i.e. the same reservoir was used as the input for two reactors that were run in parallel (only one reactor depicted). 
